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1. INTRODUCTION
A reactor pressure vessel is a main component which
determines the lifetime and safety margin of a nuclear power
plant, because the replacement of a RPV is practically
not possible. For materials used for the RPV, sufficient
mechanical properties are required to endure the severe
operating conditions and aging degradation. Several studies
have focused on improving the mechanical properties by
controlling the heat treatment process of commercial RPV
steel, SA508 Gr.3 [1-4]. On the other hand, other researches
have focused on identifying an alternative material with
improved properties for enabling manufacture of thicker
RPVs and longer lifetime of the reactor [5-8]. In those
studies, the main benefit of SA508 Gr.4N lies in the prospect
of excellent strength and transition properties due to higher
Ni and Cr contents than those of typical RPV steels.
For model alloys of SA508 Gr.4N, it was reported
that the microstructure was generally a mixed structure
of tempered martensite and bainite, and the strength and
toughness were improved by refining carbides [6-8]. It has
been found that the refinement of carbides was achieved
from an increase of tempered martensite fraction by rapid
cooling after austenitization as well as Cr addition. However,
it is practically impossible to control the cooling rate for
RPV steel in the fabrication process because the thickness
of an RPV plate is over 200 mm. The extensive Cr addition
is also difficult because of the limited composition range
for SA508 Gr.4N specified in ASME B&PV Code Section
II [9]. Therefore, microstructural control by subsequent heat
treatments such as tempering or PWHT is more practical
to improve the mechanical properties of SA508 Gr.4N.
PWHT is a mandatory and required step in the man-
ufacture and weld repair of RPV forging fabricated from
tempered steel. It is a stress relieving process whereby
residual stresses are reduced in the welds, including the
weld metal and Heat Affected Zone (HAZ), by heating in
the temperature range from 550 to 610 ºC. However, for
the base metal of an RPV, PWHT has deleterious effects
on certain mechanical properties, especially the toughness
[10-13]. Commercial RPV steel, SA508 Gr.3, has conven-
tionally been tempered at 660 ºC followed by PWHT at
Presented in this study are the variations of microstructures and mechanical properties with tempering and Post-Weld Heat
Treatment (PWHT) conditions for SA508 Gr.4N steel used as Reactor Pressure Vessel (RPV) material. The blocks of model
alloy were austenitized at the conventional temperature of 880 ºC, then tempered and post-weld heat treated at four different
conditions. The hardness and yield strength decrease with increased tempering and PWHT temperatures, but impact toughness
is significantly improved, especially in the specimens tempered at 630 ºC. The sample tempered at 630 ºC with PWHT at 610 ºC
shows optimum mechanical properties in hardness, strength, and toughness, excluding only the transition property in the low
temperature region. The microstructural observation and quantitative analysis of carbide size distribution show that the
variations of mechanical properties are caused by the under-tempering and carbide coarsening which occurred during the heat
treatment process. The introduction of PWHT results in the deterioration of the ductile-brittle transition property by an
increase of coarse carbides controlling cleavage initiation, especially in the tempered state at 630 ºC.
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610 ºC. These conditions were applied to SA508 Gr.4N in
the previous studies [5-8] without considering the difference
in composition. Therefore, it is necessary to determine
proper tempering and PWHT conditions for SA508 Gr.4N
base metal based on the tests of various properties.
The purpose of this study is to evaluate the effects of
tempering and PWHT on the mechanical properties and
microstructures of base forging of a SA508 Gr.4N model
alloy. Four different heat treatment conditions including
the conventional condition were applied to the model alloy,
and the variations of hardness, tensile strength, impact
toughness, and fracture toughness were evaluated. The
changes in mechanical properties are discussed from the
view point of the observed microstructural alteration by
heat treatments.
2. EXPERIMENTAL
A model alloy of SA508 Gr.4N, KL4, with element
contents based on the composition range of the ASME
specification, was prepared in the form of a 40mm thick
plate [9]. The chemical composition of the KL4 is given in
Table 1. The plate in as-received condition was homogenized
at 1200 ºC for 10 hours, austenitized at 880 ºC for 2 hours,
followed by air cooling to room temperature. Then, the
tempering and PWHT with four different conditions were
conducted. All heat treatment conditions were determined
according to the ASTM specification about alloy steel
forging for RPV [14]. For SA508 Gr.4N, the austenitizing
temperature should be between 840 and 895 ºC, and the
minimum tempering temperature should be 595 ºC. Table 2
shows the detailed heat-treatment conditions.
The mechanical properties of the heat-treated base plate
were evaluated by means of Vickers hardness, tensile,
impact, and fracture toughness tests. The Vickers hardness
measurements were performed using an Akashi HM-122
hardness testing machine. The average values of 20 inden-
tation measurements on each sample with 0.2 kg load
were used as the hardness result. The tensile tests were
conducted at a strain rate of 5.21×10-4 /s using plate-type
specimens with a gage length of 9mm in accordance with
ASTM E8M-08 [15]. The yield strength was determined
by a 0.2 % strain offset stress, and the average of two or
three specimen test results under identical conditions was
used. Charpy impact tests were performed with standard
Charpy V-notch specimens (10×10×55 mm) in the
temperature range from -196 to 100 ºC following the
ASTM E23-07a procedure [16]. In order to reduce errors
in data interpretation, a regression analysis for Cv energy
variation with temperature was done by a hyperbolic tangent
curve fitting method [17, 18]. 
The transition property in terms of fracture toughness
was evaluated in 3-points bending with Pre-Cracked V-
Notch (PCVN) specimens (10×10×55 mm) in the tem-
perature range from -180 to -130 ºC according to ASTM
E1921-09c [19]. After fatigue pre-cracking, the fatigue crack
length-to-width ratio of PCVN specimens was about 0.5.
Test temperature was controlled within ±0.5 ºC by using
a regulated liquid nitrogen flow in an insulated chamber
with PID controller. Load was applied to a specimen until
unstable brittle fracture occurred in the transition temperature
region in order to obtain the J-integral value, Jc, which
was converted to a critical stress intensity factor, KJc:
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ASME spec.
KL4
C
0.23max
0.21
Ni
2.80-3.90
3.59
Cr
1.50-2.90
1.79
Mo
0.40-0.60
0.54
Mn
0.20-0.40
0.30
Fe
Bal.
Bal.
Table 1. Chemical Composition of Model Alloy (wt. %)
Condition 
[ºC / h / cooling rate
(ºC /min)]
1200 / 10 / 3~5
(furnace cooling)
Homogenization
880 / 2 / 100~120
(air cooling)
Austenitization
660 / 10 / 3~5
630 / 10 / 3~5
Tempering PWHT
As-tempered
580 / 30 / 3~5
610 / 30 / 3~5
(conventioanl condition)
As-tempered
580 / 30 / 3~5
610 / 30 / 3~5
Table 2. Heat Treatment Conditions of KL4
(1)
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where E is Young’s modulus. According to the master
curve concept, the three-parameter Weibull function is used
to define the relationship between KJc and the cumulative
probability for failure, pf. The term pf is the probability
for failure at KJc for an arbitrarily chosen specimen taken
from a large population of specimens. The cumulative
probability for failure can be calculated by the following
expression:
where Kmin is the minimum fracture toughness value, K0
corresponds to the KJc value that represents the 63.2%
cumulative failure probability, and m is a Weibull slope
that defines the scatter of the KJc values on the Weibull
distribution. The minimum fracture toughness of ferritic
steels, Kmin, is assumed to be 20 MPa m and the theoretical
Weibull slope, m, is 4. The KJc(med) that corresponds to the
50% cumulative failure probability was calculated using
the following equation:
Transition temperature KJc data tend to conform to a common
toughness versus temperature curve shape corresponding
to the 50% cumulative failure probability in the ferritic
steels.
where T is a test temperature and T0 is a reference temperature
where the median toughness is equal to 100 MPa m.
Microstructrual changes according to the heat treatment
conditions were observed through an Optical Microscope
(OM) and a Scanning Electron Microscope (SEM). Specimens
were mechanically polished up to 0.1 µm and etched with
a 3 % Nital solution. The distribution of carbide size was
quantitatively analyzed on twelve SEM images taken for
each specimen at a magnification of 10000 by means of
an image analyzer (Image-Pro 6.2).
3. RESULTS AND DISCUSSION
3.1 Mechanical Properties
3.1.1 Vickers Hardness
Figure 1 exhibits the Vickers hardness values with 0.2kg
load according to tempering and PWHT conditions. All
measured values and average values of 20 hardness indents
are presented for each condition. A higher hardness is
obtained from the as-tempered at 630 ºC (249 Hv) compared
to the as-tempered at 660 ºC (236 Hv). The largest standard
deviation for the hardness values is obtained in the as-
tempered at 630 ºC, and it can be generally seen that the
standard deviations for the KL4 tempered at 630 ºC are
larger than those for the KL4 tempered at 660 ºC. The
average hardness of the KL4 tempered at 660 ºC gradually
decreases to 217 Hv with increasing PWHT temperature.
As shown in Fig. 1, the tempering at 630 ºC and subsequent
PWHT at 610 ºC results in the highest hardness value.
3.1.2 Tensile Properties
Tensile properties variation with tempering and PWHT
are presented in Fig. 2. Yield Strength (YS) and Ultimate
Tensile Strength (UTS) are 630 and 754 MPa, respectively,
in the as-tempered at 630 ºC. The YS and UTS of KL4 after
PWHT drop off more sharply in the tempered at 630 ºC
condition than in the tempered at 660 ºC condition. It can
be considered that the microstructural softening during
PWHT by tempering effects such as release of internal
stress or reduction of dislocation desity is comparatively
large in the tempered at 630 ºC condition.
Figure 2 (b) illustrates the effects of tempering and
PWHT on total elongation. After PWHT, total elongations
increase slightly by 1.2 % for the KL4 tempered at 660
ºC and by 1.0 % for the KL4 tempered at 630 ºC. The total
elongation of KL4 with tempering at 660 ºC is higher than
that with tempering at 630 ºC regardless of whether PWHT
was performed or not. 
3.1.3 Impact Toughness
The results of Charpy impact tests are given in Fig. 3,
4, and Table 3. The KL4 tempered at 630 ºC shows a sig-
nificant increase of Upper Shelf Energy (USE) from 185
J to 242 J with the introduction of PWHT and increasing
PWHT temperature. The KL4 tempered at 660 ºC has high
USE compared to the KL4 tempered at 630 ºC in the as-
tempered condition, but the USEs for the samples tempered
at 630 and 660 ºC approch nearly the same value of about
240J after PWHT at 610 ºC. The Fracture Appearance
Fig. 1. Variation of Vickers Hardness with Tempering and
PWHT Conditions
(2)
(3)
(4)
Transition Temperature (FATT), at which the area fraction
of the cleavage and ductile fracture mode was 50%, was
also determined from the hyperbolic tangent fitting curve
of shear percentage (Fig. 4) based on the observed fracture
surfaces of Charpy specimens. The FATT of the as-tempered
at 630 ºC remains nearly the same after PWHT, while the
FATT of the as-tempered at 660 ºC drops from -65 to -76
ºC after PWHT. 
3.2 Fracture Toughness in the Transition
Temperature Region
Figure 5 and Table 4 show the fracture toughness test
results in the transition temperature region together with
the reference temperature, T0, determined by the master
curve. In Fig. 5, the solid line is the median toughness-
temperature curve, which represents 50 % failure probability.
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Fig. 2. Effects of Tempering and PWHT on Tensile Properties: 
(a) Yield Strength and Ultimate Tensile Strength, and (b)
Elongation
USE (J)
T68J (ºC)
FATT (ºC)
Tempered at 630 ºC Tempered at 660 ºC
As- tempered
185
-74
-70
PWHT at 580 ºC
224
-86
-65
PWHT at 610 ºC
242
-90
-65
As- tempered
233
-113
-65
PWHT at 580 ºC
234
-85
-69
PWHT at 610 ºC
241
-102
-76
Table 3. Charpy Impact Test Results of KL4
Fig. 3. Cv Energy as a Function of the Test Temperature
According to the Tempering and PWHT Conditions: (a)
Tempered at 630 ºC, and (b) Tempered at 660 ºC
The dotted lines are upper and lower bounds indicating
95 % and 5 % failure probabilities, respectively. All
measured toughness values for PCVN specimens are
converted to the fracture toughness values corresponding
to the 1T-CT specimen. The invalid data indicate measured
fracture toughness values higher than the validity limit in
ASTM E1921-09c [17]. Except for the invalid data, the
scatters of fracture toughness data are well reflected by
the master curves and the tolerance bounds. From the view
point of data scatter, the distribution of KJc values for the
as-tempered at 630 ºC shows comparatively large scatter
in comparison with that for the as-tempered at 660 ºC.
The calculated T0 for the as-tempered at 630 ºC and the
as-tempered at 660 ºC are -142 and -134 ºC, respectively.
After PWHT at 580 ºC, the samples show almost the
same T0 value of around -135 ºC regardless of tempering
temperature. The T0 for the KL4 tempered at 660 ºC remains
almost unchanged after PWHT at 610 ºC, while the KL4
tempered at 630 ºC shows a rise of T0 by 16 ºC compared
to the as-tempered state. As a result, all the tempering and
PWHT conditions show similar transition properties except
for the sample tempered at 630 ºC with PWHT 610 ºC.
3.3 Microstructures
OM and SEM images of as-quenched and tempered
microstrucutres of KL4 are shown in Fig. 6. The as-quenched
KL4 shows a mixed structure of bainite and martensite.
A previous study reported that the phase fraction of marten-
site in KL4 is around 69 %, calculated from dilatometric
analysis [7]. As shown in Fig. 6(a) and (b), it is obseved
that the martensite packet with fine lath structures and bainite
packet with internal precipitates are formed in prior-austenite
grain. After the tempering treatment, the microstructure
changes from a quenched martensite and quenched bainite
to a tempered martensite and tempered bainite structure
containing ferrite and carbides as shown in Fig. 6. The
as-tempered microstructure at 660 ºC shows an uniform and
well-mixed microstructure between the tempered martensite
and tempered bainite with numerous fine precipitates as
shown in Fig. 6(e) and (f). In the as-tempered microstructure
at 630 ºC, a comparatively low tempering temperature
results in a non-uniform microstructure due to the presence
of an under-tempered region, which is clearly distinguished
from the well-tempered region (Fig. 6(c) and (d)). The
under-tempered region comprises a large proportion of
overall microstructure, which affects mechanical properties
as follows:
(a) The under-tempered region defines the region in
which the microstructural softening by tempering
effects (a decrease in the dislocation density or a
reduction of residual stress) is lacking. As a result,
the as-tempered state at 630 ºC has relatively high
hardness, low elongation, and low USE.
(b) Individual hardness measurements indicate a vari-
ation in micro-hardness depending on the microstruc-
tural distribution of phase or the location of the
indenter [20]. Therefore, the standard deviation of
hardness can depend on the microstructural uniformity.
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T0 (ºC)
Tempered at 630 ºC Tempered at 660 ºC
As- tempered
-142
PWHT at 580 ºC
-135
PWHT at 610 ºC
-126
As- tempered
-134
PWHT at 580 ºC
-134
PWHT at 610 ºC
-135
Table 4. Reference Temperatures, T0, Determined from Master Curves of KL4
Fig. 4. Percent Shear Measured on the Fracture Surface of
Charpy Specimen as a Function of the Test Temperature
According to the Tempering and PWHT Conditions: 
(a) Tempered at 630 ºC, and (b) Tempered at 660 ºC
418 NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.46  NO.3  JUNE 2014
LEE et al., Effects of Tempering and PWHT on Microstructures and Mechanical Properties of SA508 GR.4N Steel
The observed size of each indentation after the
hardness test is about 9 to 11 µm. The size is similar
to the scale of martensitic or bainitic blocks, and
the scale of under-tempered region as shown in
Fig. 6. As a result, the as-tempered state at 630 ºC,
including the under-tempered region, shows the
largest standard deviation of hardness as shown in
Fig. 1.
(c) The precipitation and growth of carbides are not
sufficient in the under-tempered region, while coarse
carbides are formed succesfully in the fully-tempered
region. The cleavage fracture toughness is controlled
by the distribution of carbides [6, 7, 21, 22], and
the cleavage fracture toughness can be extensively
different depending on whether the crack tip is
located within or outside of the under-tempered
region. In the as-tempered state at 630 ºC, the data
scatter of clevage fracture toughness is comparatively
larger than that in the as-tempered state at 660 ºC
as can be seen in Fig. 5(a) and (b).
Fig. 5. Master Curves and Measured KJc Values of KL4: (a) As-tempered at 630 ºC, (b) As-tempered at 660 ºC, (c) Tempered at 630 ºC
Followed by PWHT at 580 ºC, (d) Tempered at 660 ºC Followed by PWHT at 580 ºC, (e) Tempered at 630 ºC Followed by PWHT at
610 ºC, and (f) Tempered at 660 ºC Followed by PWHT at 610 ºC
Figure 7 shows the OM micrographs after PWHT. All
microstructures are similar and a fully-tempered state that
consists of the tempered martensite and tempered bainite
with numerous fine carbides. For the tempered microstructure,
it was reported that only the size of carbides was found to
be influenced by tempering conditions, and the precipitation
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Fig. 6. OM and SEM Micrographs for KL4 with Different Heat Treatment Conditions: (a) and (b) As-quenched, (c) and (d) As-
Tempered at 630 ºC, and (e) and (f) As-tempered at 660 ºC
Fig. 7. OM Micrographs for KL4 with Different Heat Treated Conditions: Tempered at 630 ºC Followed by (a) PWHT at 580 ºC, (b)
PWHT at 610 ºC, and Tempered at 660 ºC Followed by (c) PWHT at 580 ºC, (d) PWHT at 610 ºC
and growth of carbides are strongly related to tempering
time and temperature [20]. Therefore, it is of interest to
establish a relationship between carbides distribution and
heat treatment condition. In general, the precipitates in
SA508 Gr.4N are Cr-type carbides, M23C6 and M7C3 [8].
The distribution of carbide size is important to the transition
property, especially in view of fracture toughness. In the
cleavage initiation model, the stress required to propagate
an existing crack is lower than the stress to initiate a crack
[23]. Therefore, second phase particles such as carbides
or inclusions are regarded as the main source of cleavage
initiation. When a micro-crack formed in carbides is larger
than some critical size, the micro-crack can propagate
into an adjacent ferrite matrix, and then cleavage fracture
of the material can occur. It was reported that the carbide
size required for cleavage fracture is around 0.2 µm for
low alloy steels, and the coarse carbides within the top
20-30 % of size rank among overall carbides can play an
important role for cleavage initiation [6, 7, 21, 25]. 
Figure 8 shows the SEM micrographs showing size and
distribution of carbides at each heat treatment condition.
Based on the micrographs, a quantitative analysis of carbides
size was conducted. In the results, the as-tempered at 630
ºC and as-tempered at 660 ºC have average carbides sizes
of 0.09 and 0.12 µm, respectively. After PWHT, the average
sizes of carbides range from 0.11 to 0.13 µm. When the
overall carbides are arranged in order of size, the carbide
sizes corresponding to certain percentage are presented in
Fig. 9. As shown in Fig. 9, the size of carbides within the
top 10% show considerable difference according to heat
treatment conditions, unlike the average size of overall
carbides. The amount of coarse carbides in each heat treated
sample can affect the transition property as follows:
(a) The as-tempered at 630 ºC shows the lowest T0,
because it has the lowest fraction of coarse carbides
over around 0.2 µm by an under-tempering region
including insufficiently grown carbides.
(b) For the tempered KL4 at 630 ºC, the introduction
of PWHT and rise of PWHT temperature increases
the number of carbides larger than the critical size
required for cleavage fracture as shown in Fig. 8
and 9. Consequently, the reference temperature,
T0, rises with PWHT and an increase of PWHT
temperature.
(c) In the case of the tempered state at 660 ºC, the
carbide coarsening by PWHT is not huge, and the
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Fig. 8. SEM Micrographs Showing Carbide Size and Distribution for KL4 with Different Heat Treated Conditions: (a) As-tempered at
630 ºC, (b) As-tempered at 660 ºC, (c) Tempered at 630 ºC Followed by PWHT at 580 ºC, (d) Tempered at 660 ºC Followed by
PWHT at 580 ºC, (e) Tempered at 630 ºC Followed by PWHT at 610 ºC, and (f) Tempered at 660 ºC Followed by PWHT at 610 ºC
combined effects of the little carbide coarsening and
softening by PWHT cause no particular alteration
of transition property. Moreover, the size distributions
of carbides are almost the same at different PWHT
temperatures. As a result, the transition property
of the tempered sample at 660 ºC is not greatly
affected by PWHT.
The carbide size is closely related to not only the
fracture toughness but also the impact toughness. For
low alloy steels in similar heat-treated states, the square
root of average carbide size is proportional to the ductile-
brittle transition temperature, FATT [6, 26, 27]. In this
study, it should be considered the matrix softening by
tempering as well as the carbide coarsening for the variation
of transition temperature due to the difference in tempering
and PWHT temperature. For the tempered state at 630 ºC,
the deterioration of impact properties by carbide coarsening
after PWHT contradicts the effect of matrix softening,
which results in facilitation of cross slip by reducing the
dislocation density and residual stress [26]. Consequently,
the tempered state at 630 ºC shows a similar FATT in the
as-tempered state and the state after PWHT. On the other
hand, the tempered state at 660 ºC without carbide coarsening
by PWHT is influenced by matrix softening only, and the
transition property corresponding to impact toughness is
relatively improved.
4. CONCLUSIONS
Based on the microstructural analysis, the effects of
tempering and PWHT on the mechanical properties of
SA508 Gr.4N steel used as RPV material are evaluated
by introducing four different heat treatment conditions. In
the as-tempered state at 630 ºC, lower than the conventional
tempering temperature of 660 ºC, the under-tempered
region is partially formed and the region cause un-uniform
matrix and insufficient growth of precipitates. The microstruc-
tural features result in improved hardness, strength, and
transition properties, but large scatters of mechanical
properties in comparison with the conventionally heat treated
state. After PWHT, the under-tempered microstructure is
fully tempered, and the mechanical properties show more
remarkable changes than the sample with tempering at
660 ºC, especially in strength and toughness. With an
increase of PWHT temperature, the ductile-brittle transition
temperature slightly rises in the tempered state at 630 ºC
due to an increase of coarse carbides controlling cleavage
initiation, while the tempered state at 660 ºC without the
noticeable carbide coarsening shows an unchanged cleavage
fracture toughness.
ACKNOWLEDGEMENTS
This work was supported by the Nuclear Research
and Development Program grant funded by the Nuclear
Safety and Security Commission (NSSC) and the Ministry
of Science, ICT, and Future Planning (MSIP).
REFERENCES_______________________________
[  1  ] Y.R. Im, Y.J. Oh, B.J. Lee, J.H. Hong and H.C. Lee, “Effects
of carbide precipitation on the strength and Charpy impact
properties of low carbon Mn–Ni–Mo bainitic steels,” J.
Nucl. Mater. 297, pp. 138-148 (2001).
[  2  ] K. Suzuki, “Neutron irradiation embrittlement of ASME
SA508, C1.3 steel,” J. Nucl. Mater. 108 & 109, pp. 443-
450 (1982).
[  3  ] Y.S. Ahn, H.D. Kim, T.S. Byun, Y.J. Oh, G.M. Kim and
J.H. Hong, “Application of intercritical heat treatment to
improve toughness of SA508 Cl.3 reactor pressure vessel
steel,” Nucl. Eng. Des. 194, pp. 161-167 (1999).
[  4  ] Y.S. Ahn, Y.J. Oh, G.M. Kim and J.H. Hong, “Change of
microstructure and mechanical properties in Mn-Mo-Ni
low alloy steel with respect to intercritical heat treatment
conditions,” J. Kor. Inst. Met. & Mater. 38, pp. 1309-1316
(2000).
[  5  ] B.S. Lee, M.C. Kim, J.H. Yoon and J.H. Hong, “Character-
ization of high strength and high toughness Ni-Mo-Cr low
alloy steels for nuclear application,” Int. J. Press. Ves. &
Pip. 87, pp. 74-80 (2010).
[  6  ] K.H. Lee, S.G. Park, M.C. Kim, B.S. Lee and D.M. Wee,
“Characterization of transition behavior in SA508 Gr.4N
Ni-Cr-Mo low alloy steels with microstructural alteration
by Ni and Cr contents,” Mater. Sci. Eng. A 529, pp. 156-
163 (2011).
[  7  ] K.H. Lee, S.G. Park, M.C. Kim and B.S. Lee, “Cleavage
fracture toughness of tempered martensitic Ni-Cr-Mo low
alloy steel with different martensite fraction,” Mater. Sci.
Eng. A 534, pp. 75-82 (2012).
[  8  ] S.G. Park, M.C. Kim, B.S. Lee and D.M. Wee, “Correlation
on the thermodynamic calculation and the experimental
observation of Ni-Mo-Cr low alloy steel changing Ni, Mo,
and Cr contents,” J. Nucl. Mater. 407, pp. 126-135 (2010).
[  9  ] ASME boiler & pressure vessel code, Section II-Materials,
part A-Ferrous material specifications, American Society
of Mechanical Engineers (2013).
421NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.46  NO.3  JUNE 2014
LEE et al., Effects of Tempering and PWHT on Microstructures and Mechanical Properties of SA508 GR.4N Steel
Fig. 9. Carbide Size Corresponding to Rank Percentage
Arranged by Order of Size.
[ 10 ] Z. Sterjovski, D.P. Dunne and S. Ambrose, “Evaluation of
cross-weld properties of quenched and tempered pressure
vessel steel before and after PWHT,” Int. J. Pres. Ves. &
Pip. 81, pp. 465-470 (2004).
[ 11 ] C.C. Wang and Y. Chang, “Effect of postweld treatment
on the fatigue growth rate of electron-beam-welded AISI
4130 steel,” Metall. Mater. Trans. A 27A, pp. 3162-3169
(1996).
[ 12 ] G. Nicoletto, “Fatigue crack growth in multi-pass butt-
welded joints of mild steel,” Int. J. Pres. Ves. & Pip. 42,
pp. 363-378 (1990).
[ 13 ] S.I. Kwun and R.A. Fournelle, “Fatigue crack initiation and
propagation in a quenched and tempered niobium bearing
HSLA steel,” Metall. Mater. Trans. A 38, pp. 575-580 (1982).
[ 14 ] ASTM A508/A508M-05b, “Standard specification for
quenched and tempered vacuum-treated carbon and alloy
steel forgings for pressure vessels,” American Society for
Testing and Materials (2005).
[ 15 ] ASTM E8M-08, “Standard test methods for tension testing
metallic materials,” American Society for Testing and
Materials (2008). 
[ 16 ] ASTM E23-07a, “Standard methods for notched bar impact
testing of metallic materials,” American Society for Testing
and Materials (2007).
[ 17 ] W. Oldfield, “Fitting impact test data-a statistical procedure,”
ASTM Standardizations News, pp. 24 (1975)
[ 18 ] S.Y. Shin, B.C. Hwang, S.H. Lee, N.J. Kim and S.S. Ahn,
“Correlation of microstructure and charpy impact properties
in API X70 and X80 line-pipe steels,” Mater. Sci. Eng. A
458, pp. 281-289 (2007)
[ 19 ] ASTM E1921-09c, “Standard test method for determination
of reference temperature, T0, for ferritic steels in the transition
range,” American Society for Testing and Materials (2009).
[ 20 ] S.D. Funni, M.G. Koul and A.L. Moran, “Evaluation of
properties and microstructure as a function of tempering
time at intercritical temperatures in HY-80 steel castings.”
Eng. Fail. Anal. 14, pp. 753-764 (2007).
[ 21 ] K.H. Lee, M.C. Kim, W.J. Yang and B.S. Lee, “Evaluation
of microstructural parameters controlling cleavage fracture
toughness in Mn-Mo-Ni low alloy steels,” Mater. Sci. Eng. A
565, pp. 158-164 (2013).
[ 22 ] S. Lee, S. Kim, B. Hwang, B.S. Lee and C.G. Lee, “Effect
of carbide distribution on the fracture toughness in the
transition temperature region of an SA508 steel,” Acta
Mater. 50, pp. 4755-4762 (2002)
[ 23 ] Z. Zhang, D. Delagnes and G. Bernhart, “Microstructure
evolution of hot-work tool steels during tempering and
definition of a kinetic law based on hardness measurements,”
Mater. Sci. Eng. A 380, pp. 222-230 (2004).
[ 24 ] J.H. Chen, G.Z. Wang and H. Ma, “Fracture behavior of
C-Mn steel and weld metal in notched and precracked
specimens: Part II. micromechanism of fracture,” Metall.
Mater. Trans. A 21A, pp. 321-330 (2000).
[ 25 ] W.J. Yang, M.H. Huh, S.J. Roh, B.S. Lee, Y.J. Oh and
J.H. Hong, “The effects of the local fracture stress and
carbides on the cleavage fracture characteristics of Mn-
Mo-Ni low alloy steels in the transition region,” J. Kor. Inst.
Met. & Mater. 38, pp. 675-680 (2000).
[ 26 ] F.B. Pickering and T. Gladman, “Metallurgical developments
in carbon steels,” Iron Steel Inst. Spec. Rep. 81 pp. 10-20
(1963).
[ 27 ] S.F. Iradj and K. Wallin, SKI (Swedish Nuclear Power
Inspectorate) Report 2005, Vol. 55, Sweden, Stockholm
(2005).
422 NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.46  NO.3  JUNE 2014
LEE et al., Effects of Tempering and PWHT on Microstructures and Mechanical Properties of SA508 GR.4N Steel
